Introduction
The eruption of Tambora in April 1815 affected global weather and climate (Oppenheimer 2003 , Luterbacher and Pfister 2015 , Raible et al 2016 , Brönnimann and Krämer 2016 . Partly due to the volcanic eruption (but also due to large random variability), the summer of 1816 was very cold and wet in Central Europe, and 1816 became known as a 'Year Without a Summer' (YWAS). Average temperatures were 2°C-3°C below that of the preceding two decades, and the frequency of rainy days was strongly increased, although the climatic anomalies did not affect all parts of Europe equally (Veale and Original content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence.
Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI. Luterbacher and Pfister 2015) . In the most impacted regions, adverse weather conditions in 1816 delayed crop harvests and caused very poor yields (Krämer 2015) . The crop yield losses were an additional factor on top of many others-empty storages after the coalition wars, economic downturn in proto-industrialized regions, new political responsibilities, etc.-that made societies in Central Europe vulnerable to crisis. In many places, increasing prices contributed to the last great subsistence crisis in Central Europe (Post 1977) , to malnutrition, migration, low fertility, or death (Krämer 2015) .
The YWAS of 1816 has been used as a test case for studying the resilience of the global food system to extreme climatic disturbances. Puma et al (2015) found that today a similar event could disrupt international trade networks due to crop losses in major production regions. The YWAS of 1816 can thus be considered as a 'worst case' scenario for the effects of strong climate variability on an inter-annual scale on regional crop yields and food security.
The aim of the present study is to investigate today's potential effects of such an extreme climatic event on crop yields with a focus on as a region that was most severely affected. Because both the weather situation in 1816 and the resulting crisis in 1816, and particularly in 1817, are historically well documented (Krämer 2015) , the YWAS of 1816 is thus a suitable scenario to assess current crop sensitivities using a numerical modelling approach. Such an approach also allows to better separate the weather-related contribution to the crisis in 1817 from other influences. For instance, maps of malnutrition in 1817 and 1818 for Switzerland (Krämer 2015) show a pronounced eastwest gradient across Switzerland, with the eastern region being more severely affected than the west, which may reflect differences in social, economic and political conditions (Krämer 2015) , while the influence of small-scale differences in climatic conditions remains unclear.
Our numerical approach starts from historical instrumental weather data. We use a novel analogue resampling technique to reconstruct high-resolution daily weather data for 1815-1817 as well as for a corresponding scenario in today's warmer climate. The data are used to drive a crop model that simulates phenology and crop yield for selected crops. Some important factors such as soil wetness or the susceptibility to pests and diseases are not part of the crop model, but possible effects of water logging are assessed ex-post using an empirical approach. Also, historical information on the pattern of land use in 1816 is not available at the required level of detail, and thus only a measure of potentially attainable yield is calculated. Note also that only crop yield quantity and not quality could be simulated.
Data and methods

Weather data
The study made use of sub-daily historical meteorological information from four different stations from 1800-1820 The series of Geneva (Schüepp 1961 , Auchmann et al 2012 and Hohenpeissenberg (Winkler 2009 ) are described in the literature (see figure 1) . Each has twice daily data for temperature, pressure, and wind direction (among other variables), as well as daily precipitation sums. The series from Basel/Delémont (Bider et al 1959) is composed of several series and, for 1816/17, has only daily mean temperature and pressure. For the same series, we also used present-day data from automated weather stations in Switzerland reaching back to around 1980. These data included solar radiation.
In addition, and only for validation, we used a series from Aarau for 1816, which we discovered during writing the paper (Brugnara et al 2015) . The series provides temperature together with qualitative information on precipitation observed by Heinrich Zschokke, published in the 'Archiv der Medicin, Chirurgie und Pharmacie ' (digital.ub.uni-duesseldorf. de/ihd/periodical/pageview/7592104). A full description of the entire series follows elsewhere. Since we used the data only for one year and only in the form of correlations, the data could be used in raw form. Environ. Res. Lett. 12 (2017) 074026 As a reference we used gridded daily data for Switzerland (MeteoSwiss 2013a , 2013b , Frei 2013 , encompassing daily minimum (T min ) and maximum (T max ) temperature as well as precipitation on a 2 km grid from 1961 to present. For solar radiation, we performed a weighted interpolation applying a knearest neighbour algorithm. We chose the nearest three stations from the Swiss meteorological network (figure 1, table 1) according to Euclidian distance.
Weather reconstruction approach
The crop model requires daily fields of T min and T max , precipitation and solar radiation at a high spatial resolution. In order to reconstruct these fields 1816, we used an analogue resampling approach of the 2 km gridded data. A schematic of the reconstruction is given in figure S1 available at stacks.iop.org/ERL/12/ 074026/mmedia. For each day, we sampled the daily fields from a present period according to their similarity with historical instrumental measurements, restricting the search to days of the same weather type and of the same season. This procedure ensured physical consistency of the derived reconstruction, although it required a sufficiently long training period (i.e. sufficiently large pool of analogues). The period was set to 1982-2009, for which not only temperature and precipitation, but also solar radiation data were available. The procedure consisted of three steps, which are described in the following.
Definition of reference periods
The procedure required expressing the weather data as anomalies relative to a reference climatology. We used different reference climatologies for the historical and present situations. For the former, we used 1800-1820 During this period, no changes occurred to the stations in Geneva and Hohenpeissenberg (Auchmann et al 2012) . Furthermore, we excluded the volcanically perturbed years 1809-1811 and 1815-1817, as in Auchmann et al (2012) . Based on data availability (see above), we used 1982-2009 as a reference for the present climate. Thus, the reference periods maximize data availability and minimize inhomogeneity. The reference climate was then obtained from station and gridded data by fitting the first two harmonics of the annual cycle.
To obtain a distance metric, as well as for the weather type classification, the variables (T min and Although precipitation is non-Gaussian, its weight in the distance measure is only 1/6 and (as will be shown later) the analog approach produced very good results. Once the closest analog day was found, we extracted that day from the gridded data. We used the absolute values of precipitation. For solar radiation and temperature, we multiplied the standardized anomaly with the corresponding standard deviation and added back the climatology. Because of the strong temperature trend within the 1982-2009 period, the average temperature of the climatology was already substantially lower than today. Therefore, we added back only the climatology of the years 2002-2009, which better represented present-day climate. To obtain temperature data for 1816 and 1817, we added a historical reference climatology obtained from the gridded 1982-2009 reference by subtracting the spatially interpolated difference in annual mean temperature between the historical and the 1982-2009 reference period (based on the three stations). For solar radiation and precipitation, no trend was considered (i.e. historical and present scenarios were identical).
Crop model
Simulation of crop yields was conducted with CropSyst, a multi-year, multi-crop daily time step simulation model for evaluating impacts of climate and crop management at the plot scale (Stöckle et al 2003) . The model simulates potential biomass growth as a function of intercepted radiation and crop transpiration. Both depend on leaf area development driven by biomass growth and phenology, which is simulated as a temperature-dependent process. We used crop parameter sets for winter barley, potato and grain maize derived by calibration for current Swiss conditions by Klein et al (2012) .
Soil parameters were specified for clay loam as a representative agricultural soil type on the Swiss Plateau and were derived from the Swiss Soil Monitoring Network. A daily cascade approach was used to simulate soil water infiltration, which considers only downwards water flow. Information on elevation was derived from the Swiss digital elevation model in 25 m resolution provided by the Federal Office of Topography (swisstopo, www. swisstopo.admin.ch). The nitrogen sub-model was disabled to evaluate yield limitations only based on climatic limitations (i.e. sub-optimal temperature, radiation and water availability).
Crop yield was simulated using daily climate information (T min , T max , solar radiation and precipitation) for historical and present reference periods, for the historical years 1816 and 1817, as well as for the corresponding present-day years. Representative sowing dates were selected for the three crops and were kept constant in all simulations: 16 October for winter barley, 23 March for potato and 21 April for grain maize. For realistically modelling historical yields, additional factors such as farming techniques should be considered, but this was beyond the scope of this study.
Post-processing
Under conditions of high soil moisture, reduced soil aeration limits crop growth and yield. This effect may have played a considerable role in the year 1816, and since CropSyst is not able to capture such effects, an ex-post analysis of simulated soil water saturation was performed. The number of days with 100% soil water saturation and a 'stress day index' (SDI) was calculated, which accounts for differences in crop responses to excess water depending on phenological stage. According to Ravelo et al (1982) , SDI was calculated as the sum of the product of a susceptibility factor, CS, and a stress day factor, SD, for specific phenological stages. Following Hardjoamidjojo et al Environ. Res. Lett. 12 (2017) 074026 (1982), SD was defined as the sum of soil water content (in mm) above the 30 cm level. Values for CS were used according to Evans and Skaggs (1984) 
Results
Weather data
The weather reconstruction was assessed with respect to bias, autocorrelation, variability, and extremes. A comparison of the gridded reconstructions for 1816 and 1817 with the original observations for Geneva (table 2) shows that seasonal mean anomalies are well reproduced in the reconstruction approach. Overall, reconstructions are somewhat too cold, most pronounced in spring of 1816. The same is found in the series of Delémont (not shown).
The time series for observed and reconstructed daily mean temperatures and precipitation sums in Geneva are shown in figure 2 for the year 1816. Correlations (table 2) are 0.86 for temperature anomalies and 0.67 for precipitation, respectively. The agreement is excellent with respect to both the magnitude of the anomalies and the sequence and length of the cold spells or wet spells. The variance of the anomalies as well as the first-order autocorrelation (table 2) also agree well between reconstructions and observations.
Data from Geneva and Delémont entered the reconstruction, so they are not independent. The daily fields were also evaluated by comparing the reconstructed data with an independent series from Aarau, for the year 1816 (for this comparison, all series were deseasonalized by subtracting the first two harmonics of the year 1816). Correlations for temperature are 0.68, 0.66, and 0.73 for T min , T max and mean temperature. The lower correlation compared with those with Geneva and Delémont can be explained by the lower reporting precision of the Aarau data (1°Réaumur, i.e. 1.25°C), and the fact that the Aarau data are in raw format and thus potentially affected by error. Nevertheless, the agreement shows that the reconstructions capture the most important features of variability. Furthermore, the reconstruction approach guarantees that precipitation and temperature fields of each day are mutually consistent.
Finally, the spatial patterns of the anomalies are consistent with the expected climatic processes. Figure  3 shows anomaly fields (relative to 1800-1820) of T min , T max , precipitation, and radiation averaged over the growing season. T max is reduced in most areas (more strongly north of the Alps), while T min is reduced less strongly in those areas that are normally affected by cold air drainage flows. This is consistent with an analysis of station data in Brönnimann and Krämer (2016) and is expected from the work of Auchmann et al (2012 Auchmann et al ( , 2013 who found that cloud cover was one of the main influences on temperature anomalies at that time.
The precipitation anomaly shows the imprint of weather systems travelling across Switzerland from the west or northwest and of orographically enhanced rainfall along the northern slope of the Alps. This is also mirrored in the radiation reconstruction. Overall, we conclude that the reconstruction is physically consistent, statistically appropriate and spatially meaningful (showing changes in cold air drainage). Table 3 presents simulated shifts in phenological phases for winter barley, potato and maize. Since the crop model could only be calibrated for current crops and cultivars in Klein et al (2012) , the simulated changes cannot be considered fully representative for crops and cultivars grown in the 19th century. Emergence is clearly delayed in all modelled crops in the first year after the eruption (yr 1) and is even more delayed in the following year (yr 2) because of an exceptionally cold spring in 1817. Except for winter barley, the delay of the remaining phenological phases is smaller in yr 2 as compared to yr 1. For yr 1, the longest delay is found for maize (4-7 weeks), except for harvest date, which for this crop is fixed in the simulations. The longest delay in harvest date of 3 weeks is obtained for potato.
Crop phenology
It is important to note that modelled delays in phenological phases and their differences between seasons and years are largely consistent with patterns in observed shifts (tables 3 and 4). Phenological dates are available from observations reported in historical documents for the Swiss Plateau (from EURO-CLIMHIST, Pfister 2015, http://www.euroclimhist. unibe.ch/en), though not for the same crops and the same phenophases. Long time series are available for grapevine, rye and cherry on the Swiss Plateau. Table 4 shows shifts in the dates of phenological stages in 1816 and 1817 relative to the average for the same reference period (1800-1820 without volcanically perturbed years). An average delay of 2-4 weeks is found for all summer and autumn phenophases in 1816. Spring phases are delayed less, similar as for maize in the model simulation. It should be noted that the dates for grape harvest in 1816 could not be seen as 'true' phenological dates as grapes did not ripe at all and were harvested unripe. Differences between observed and simulated phenological shifts in 1817 may be attributed to differences in thermal requirements and seasonality of observed and simulated crops, remaining biases in the reconstructions (see table 2) and differences in climatic reference periods.
Potential yields
Modelled crop yields for the historical 1816 scenario show a substantial reduction (figure 4). For potato, the decrease relative to the historical reference period amounts to 20%-40%. Even higher losses are found in marginal areas near the production limit such as at higher altitudes. This is roughly the order of magnitude of reductions observed in 1816 for many crops. Smaller reductions are found for winter barley. Lower yields are also modelled for 1817 (not shown).
Relative crop losses for the present-day scenario are almost identical to those from the historical simulations. We find strong losses in potato and even stronger losses in maize, but smaller losses for winter barley. The second year (corresponding to 1817) still shows a substantial reduction, which is largely due to the cold spells in spring.
The observed increase in grain prices between January 1816 and early summer 1817 exhibited a clear east-west gradient (figure 4, top right). Yield simulations for potato reveal only a small gradient with large losses in both eastern and western regions, while for maize, simulations reveal a strong east-west gradient (figure 5, for the situation today). This gradient is related to the effect of increasing altitude Environ. Res. Lett. 12 (2017) 074026 towards eastern Switzerland, and to a declining gradient in radiation. For barley, a weaker gradient exists compared to maize (not shown). The stress factor approach allows assessing consequences of waterlogging in qualitative terms (figure 5). In the 1816 scenario, the number of days with 100% soil saturation is much higher than in the reference (middle panel) or in the 1817 scenario. Again, an east-west gradient appears with soil saturation increasing towards the eastern regions. The 'stress day index' (bottom panel) accounts not only for days with 100% saturated soils but also other days with a high soil water level. As a consequence, the 1817 scenario, which was clearly less rainy than in 1816, also exhibits a high stress index. Assuming yield losses to be proportional to the stress index, additional substantial crop losses due to the effect of waterlogging are likely in both years, with higher losses in the eastern compared to the western part of the Swiss Plateau. Note that precipitation and radiation are the same in the 1816/1817 and the corresponding presentday scenarios. Thus, the stress index is also very similar.
Discussion and conclusions
Despite limitations of the crop model simulations, such as lack of effects due to pests and pathogens, our approach provides, for the first time, a quantitative picture of crop yield losses following the YWAS of 1816, starting from weather reconstructions and using a process-based crop model. The weather reconstruction realistically depicts the daily weather of 1816 and 1817 and thus is a useful scenario to study possible effects of such a massive volcanic eruption on agricultural crop production under today's conditions.
Modelled crop yields for the years 1816/17 following the Tambora eruption, as well as for a similar scenario today, show substantial losses in the range of several tens of percent for currently cultivated important crops. The delay in phenologial phases and yield losses agree well with documentary observations both in 1816 and 1817. While crop development rate is mainly driven by temperature, potential yields are strongly influenced by intercepted radiation until harvest. In 1816, low temperatures and low solar irradiance decreased growth and yields, while negative Environ. Res. Lett. 12 (2017) 074026 effects in 1817 were mainly due to cold conditions in spring (note that temperatures in 1817 are underestimated in the reconstructions, arguably contributing to an overestimation of the delay of phenophases in 1817 in the model). In addition to low temperature and reduced radiation, a large amount of precipitation leading to waterlogging negatively affected yields both in 1816 and in 1817.
For the situation of a Tambora-type eruption occurring in the present climate, followed by a YWAS, our model simulations suggest decreases in yields of today's crops of almost the same magnitude as in 1816. Losses are highest for current maize hybrids (not cultivated in 1816) and amount to 30%-50% (note that to these losses, the effects of waterlogging need to be added). It should be considered that in the simulations land use and land use decisions were not incorporated, and only the climate-limited crop yield could be estimated with the model. Moreover, in 1816/ 1817 losses along the value chain were very large and, hence, in a full assessment of food shortage effects of trade, market regulations, and other factors should be addressed. Finally, our assessment does not consider crop quality, which was reportedly low in 1816 (Krämer 2015) . Since the crop model is not able to capture impacts of waterlogging, pests and diseases, it cannot be precluded that any of these factors may have added to the east-west divide in malnutrition. Especially fungal diseases and waterlogging may have had detrimental effects on crop yields and quality.
The simulations reveal an east-west gradient in yield loss across the Swiss Plateau despite the fact that neither precipitation nor temperature shows a clear gradient. This is found most strongly for maize for which it could be attributed to differences in altitude and radiation. However, maize was not cultivated and the gradient is small for potato, relative to the recorded historical difference in price (figure 4). Although there are remaining uncertainties, it is unlikely that spatial differences in yield losses are solely responsible for the observed differences in malnutrition. It is more likely, and in agreement with the work by historians (Krämer 2015) , that they were caused mainly by economic, political and social factors. figure 1) referring to the reference period today, year 1 and year 2 of (top) potential maize yields, (middle) the number of days with 100% soil saturation and (bottom) the stress day index. Note that the latter two were not calculated for every grid point and thus the spatial resolution is lower.
Environ. Res. Lett. 12 (2017) 074026 In contrast to the situation in 1816/17, and assuming no large-scale market effects of crop losses, short-term reductions in food supply due to a loss in domestic crop yields in the order of 30%-40% would seem manageable within the current technical, economic and political situation in Switzerland, given current emergency plans, information systems including accurate medium-range weather forecasts, and the lead time between a volcanic eruption and effects. However, an eruption climate scenario might have a disruptive effect on the global food system (Puma et al 2015) , which indirectly could affect food availability and prices in Switzerland.
An important lesson learned from studying the Tambora eruption and subsequent YWAS is that a mono-causal argumentation leading from the volcanic eruption to societal impacts is not an appropriate way to think about climate-society interactions (Brönni-mann and Krämer 2016). While such a link can indeed be made, and our model simulations presented here are a part of such a deterministic chain, we find that at each step, other influences matter, and perhaps even dominated the response. For instance, the Tambora eruption explains only one (arguably minor) part of the YWAS. Furthermore, adverse weather is not the only factor affecting crop yields, and yields do not directly translate into prices and societal impacts. The crises of 1817 following the YWAS hit in the worst possible moment a society that was vulnerable, in a phase of political transition, with poor governance, a down turning economy, and lack of reserves (Brönnimann and Krämer 2016 ). Yet, also in the future, there will be countries and societies vulnerable to a severe climatic event. Modelling tools to quantitatively investigate possible climatic effects on such subsystems can strengthen a society's adaptive capacity by providing relevant information for adaptation planning. However, socio-economic factors play a very important role in determining how successfully a society will be able to respond to extreme climate events. Therefore, interdisciplinary efforts in research and implementation are necessary for designing proactive strategies to improve the resilience of the respective food systems.
